INTRODUCTION
The title of this paper suggests perhaps that the topics to be discussed will be respiratory function of the blood, body oxygen stores, sensitivity to carbon dioxide, and cardiovascular responses to asphyxia. There are already several recent reviews on these subjects and my purpose is not to provide another, but rather to discuss some aspects of the respiratory system itself. Those functions to be discussed are: (1) the role of the lung in buoyancy, (2) the lung as an oxygen store, (3) some aspects of pulmonary gas exchange, and (4) the relationship of gas exchange to lung morphology. Of particular interest, and the subject which will be discussed at greatest length in this paper, is the structure of the The collection and preparation of much of the histological material, the diagrams of terminal airways and many of the ideas on which this paper is based are the result of previous collaborative studies and discussions with Dr. D. M. Denison, to whom I am most grateful. The preparation of this paper was supported by NSF Grant GV-24236. peripheral airways, their differences among marine mammals, and the possible reasons for the differences.
THE LUNG AS A FLOAT
It is an intuitive guess on my part that effortless floating in sea water would probably not be possible for most mammals. A lean man is about 2 kg positively buoyant if the lungs are fully inflated, which means just part of his head is above water. On full expiration, with a lung volume change of 4 liters, he is about 2 kg negatively buoyant. Thus, these rather small volume changes affect buoyancy significantly. According to the bat to whale regression of lung volume to body weight, the volume of marine mammals' lungs tends to be slightly larger than that of terrestrial mammals (Fig. 1) . Also, this plot is based on total body weight, but if it is compared on a lean weight basis the differences are more marked. Furthermore, because about 20-30% of the total weight of most marine mammals is blubber, the buoyancy of these FIG. 1. Logarithmic plot of lung volume as a function of body weight. The regression line is from the bat to whale data of Tenney and Remmers (1963) . The regression equation for the marine mammals is Y = 0.87 + 0.92X, and the point of cross-over is at 1000 kg. If lean body weight is considered, the plots shift to the left about 30% as indicated for the harbor seal and sei whale. Data from Kooyman et al. (1971) , Leith et al. (1972) , Lenfant et al. (1970) , Olsen et al. (1969) , Scholander (1940) , Scholander and Irving (1941) .
animals is significantly more than terrestrial mammals. For example, a seal floating upright in the water rides about as high as a man in a life vest. Especially interesting is the case of the sea otter, EnJiydra lutriSj which has no blubber and in which buoyancy is clearly important. This animal collects its prey from the bottom and then uses its abdomen as a work table. Shells are broken apart against a rock resting on its abdomen (Fig. 2) . Without its great buoyancy such a mode of feeding would probably be impossible. This buoyancy must be provided almost solely by the lung, which by volume ( Fig. 1 ) and weight is larger by a factor of more than two (Lenfant et al., 1970; Tarasoff and Kooyman, 1973) , than that of any other marine mammal measured.
THE LLXG AS AX OXYGEN RESERVOIR
Diving vertebrates may supplement body O 2 stores to be used during the dive by increasing the O 2 storage capacity of (1) the lung, (2) the blood, and (3) the muscles. Since the central nervous system has no myoglobin, the only significant O 2 stores available to this obligate aerobic tissue are those from the lung and blood. The only way the O 2 store of the lung can be increased is by increasing the lung volume during the dive. This is a rather inefficient solution, because a larger lung volume adds buoyancy which means that a greater effort is necessary to get below the surface and, in shallow dives, to stay below the surface. Also, only about 15% of the lung volume is utilizable oxygen, thus a 20-liter lung has only about 3 liters of O 2 available for consumption. Most of the gas is N 2 , and any increase in O 2 store means a larger inert gas store as well. The significance of this will be discussed later.
In contrast to the lung, the O 2 capacity of the blood can be increased significantly without changing the total blood volume simply by increasing the volume of red blood cells and their hemoglobin concentrations. In the case of some seals, 20 liters of blood can carry almost twice as much O 2 as a 20-liter lung with no change in buoyancy and less change in body volume per increase in O 2 stores. A comparison of the blood and lung O 2 stores of the major groups of diving mammals show some interesting differences (Fig. 3) . The most prolonged diver, the Weddell seal, has the largest blood O 2 and the smallest lung O 2 storage capacity. Furthermore, measurements obtained from grey, Halichoerus grypus, harbor, Phoca vitulina, elephant, Mirounga angustirostris, and Weddell, Leptonychotes weddelli, seals show that they dive on only about 20-60% of total lung capacity (Scholander, 1940; Kooyman et al., 1970 Kooyman et al., , 1972 . Also, in elephant seals during dives to rather shallow depths of 30 m, gas exchange in the lung appears to become almost nil after a few minutes . The sea otter, which is a short duration diver, has potentially the largest O 2 store of all, and it is attributable to the lung volume. Whether this large O 2 store is available FIG. 2 . Sea otter with a stone resting on its abdomen. The otter is preparing to break a sea urchin during a dive is uncertain because the degree of lung inflation at the beginning of the dive is unknown. Behavioral observations indicate that sea lions and porpoises dive on inspiration in which case they may be taking full advantage of their lung store.
In summary, lung O 2 stores represent a small proportion of the total body O 2 stores of long-term divers. Instead, major modifications have occurred in the blood-vascular system which has resulted in a considerable increase in O 2 storage capacity and the ability to parsimoniously conserve it for vital tissues. The lung O 2 store of short-term divers such as sea lions represents a rather large proportion of total body O 2 stores, not so much because the lung volume is exceptionally large, but rather because the blood-vascular O 2 storage is not much different from terrestrial mammals. To quote Bullock et al. (1971) "they are like cats that have gone to sea."
The most extreme and obvious example of the lungs' importance to buoyancy is in the case of the sea otter. However, there against the stone. Even with this added ballast much of the otter is above water.
seems to be a subtle trend in all marine mammals toward larger lung volumes than are usual for other mammals. Furthermore, to my knowledge all marine mammals rest on inspiration when in water, thus taking full advantage of their lung volume. Even man changes his normal respiratory pattern when in water and his ventilatory pauses are on inspiration.
THE LUNG UNDER PRESSURE
The environmental condition which has the most profound effect on the respiratory system of marine mammals is the rapid change in hydrostatic pressure which occurs when they dive to depth. The pressure changes can be considerable. We know that Weddell seals commonly dive to 300-400 m (Kooyman, 1966) , and one bottlenosed dolphin, Tursiops truncatus, was trained to dive repeatedly to 300 m (Ridgway et al., 1969) . (For a review of reports of marine mammals diving to great depths see Kooyman and Andersen, 1969.) The hatched portion of the column is the blood O 2 store and the clear portion is the lung store. The blood store was calculated considering that 33% of the blood volume was arterial and 95% saturated and 66% was venous and contained 5 vol. % less O 2 than arterial. The lung O 2 store was considered to be 15% of TLC. Data from Kooyraan et al. (1971) , Lenfant et al. (1969) , Lenfant et al. (1970) , Ridgway and Johnston (1966) .
During such dives the lungs are compressed to fractions of their original size. The partial pressure of the gases increases proportionately to the pressure and so does their solubility. Such changes must have profound effects on gas movement between the lungs and blood. Since most of the gas is N 2 , and it is the most important in terms of potential adverse effects, it is logical to consider its increase in the blood and tissues and whether there is a risk of narcosis and decompression sickness.
It has been well demonstrated that when marine mammals dive they undergo major shifts in blood flow distribution (Scholander, 1940; Andersen, 1966; Eisner et al., 1966) . The nature of the responses indicate that flow is restricted mainly to the central nervous system, which has a poor anaerobic metabolic capacity, and the heart. Consequently, during a dive to depth any N 2 diffusing from the lungs to the blood would be restricted in its distribution in the body. Presumably, the major areas of perfusion would be the heart and central nervous system. Calculations for the Weddell seal have shown that under circumstances of such limited distribution, if all the N 2 in the lung were absorbed, blood and tissue N 2 could reach seven to eight atmospheres absolute (ATA) (Kooyman, 1972) . Such tensions are high enough to be potentially hazardous. The diving lung volume per weight is probably lower in seals than any other group (Fig. 3) ; in this respect they have the least potential for high tensions. It would seem, therefore, that some means of keeping blood and tissue N 2 tensions low in all marine mammals that dive to depth ought to be necessary. Some possible ways are: (1) greater tolerance, such as greater solubility of N 2 , in tissues and blood of marine mammals than in other mammals; (2) widespread distribution of No in the tissues; (3) restriction of the length and depth of dives; (4) the presence of special N 2 absorbing tissue; and (5) prevention of the absorption of N 2 .
Let us consider these possibilities in order. There is no significant difference in the solubility of N 2 in seal blood and in human blood . There are no known reports on the solubility of N 2 in other tissues or in the blood of other marine mammals.
The less restriction in blood flow during deep dives the more tissues perfused which could absorb N 2 . Also, the dives would be necessarily shorter because the blood and lung O 2 stores would be utilized by a larger amount of tissue. Evidence for the characteristics of blood flow during natural dives show that heart rate, which is assumed to be a rough indication of blood flow distribution, of Weddell seals in the first minute of dives slow less during short duration (10-15 min), deep dives (200-400 m) than during more prolonged (20-50 min), shallow (50-150 m) dives (Kooyman and Campbell, 1972) . This suggests that flow might be more widely distributed in the dives to depth.
Little is known about the diving characteristics of most marine mammals. Some can dive to considerable depths and stay submerged for long periods, but others appear to be incapable of very prolonged dives and probably do not usually dive to great depths. The 300-m dives of the trained bottle-nosed dolphin mentioned earlier were slightly less than 4 min in duration (Ridgway et al., 1969) . Expired air samples showed that the animal was near its limit. Records on the common dolphin, Delphinus delphis, show that the average depth of dive, presumably while feeding, is 65 m and the deepest dive is 250 m (Evans, 1971) . The length and depth of dive of sea lions is unknown, but is probably somewhat similar to dolphins, and those of sea otters are undoubtedly rather shallow.
No special N 2 -absorbing tissue is known. Fraser and Purves (1955) have speculated that the foam found upon dissection in the upper respiratory tract of some whales may be present under normal conditions and act as a N 2 absorbing substance, but there is no supportive experimental evidence. The blubber, in which N 2 is perhaps five times more soluble than in other tissues, may act as a reservoir. During the dive little blood is probably circulated through the blubber, but near the end, as the animal begins to ascend, the pattern may be different. It is known that an anticipatory increase in heart rate sometimes occurs in seals near the end of dives (Eisner, 1965; Kooyman and Campbell, 1972) , and if this reflects a relaxing of peripheral vascular vasoconstriction, perhaps blood flow is increased to the blubber. If so, it could act as a N 2 absorber taking up much of that which has accumulated in the blood and other tissues during the time at depth.
Finally, there is the possibility that N 2 is prevented from being absorbed in the blood. Modifications of the respiratory system from the general mammalian theme would seem to be necessary for this to be achieved. Such adaptations are what I wish to discuss in the remainder of this paper.
Some years ago it was proposed that the respirator)' system of marine mammals has modifications that result in the reduction in gas exchange during dives to depth (Scholander, 1940) . The theory was that upon diving the ratio of dead space to lung volume (V D /V L ) is large. This is due to the fact that the V D is unusually large in relation to total lung capacity (TLC), and in some species, such as seals, the ratio is further enhanced by expiring a large proportion of the lung gas just before diving. Furthermore, the airways are reinforced with an unusual amount of cartilage which extends in some species to the openings to the alveolar sacs. As the animal descends the gas in the much weaker alveoli is forced into the non-absorptive airways. The larger the V D relative to the diving V L , the shallower the depth at which the alveoli will collapse. A survey of a number of diving mammals shows that there does seem to be a tendency for V D to be larger in these animals than in man or even in the giraffe (Table 1) . However, these data need to be treated with caution because the methods of measurement have differed and some may be subject to substantial errors. The actual degree of lung inflation during the dive is known for only a few species, all of which are seals. All exhale before diving, and the V L is usually 20-60% of TLC (Scholander, 1940; Kooyman et al., 1972) .
There have been only a few experiments that give evidence of the nature of gas exchange at depth. In perhaps an ideal experiment, expirate was collected from a bottle-nosed dolphin trained to dive in the open sea (Ridgway et al., 1969) . A comparison was made of first expirates following surface dives, shallow dives (20 m), and deep dives (200 m), all of which involved breath-holds of equal duration. It was found that the O 2 content of the first expirate after surfacing was highest following deep dives and lowest after the 20-m dives. It was concluded that the difference was due to a large amount of lung collapse and reduction in gas exchange during the deep dives. There is, however, some ambiguity in the experiment. The starting lung O 2 concentration, the diving lung volume, and the oxygen consumption during the various types of breath-holds were not determined. All of these would influence the final lung O 2 concentration.
Experiments similar to those performed on the porpoise were conducted on Weddell seals (Kooyman et al., 1971 . Robin et al. (1960) The V D of most were estimated from the volume of dissected airways. The giraffe V D is the trachea only; it was assumed the other airways made up only a minor part of the volume. The Weddell seal estimate was from live animals using the Bohr equation. The V L in most was obtained from isolated lungs. The Weddell seal V L was obtained by the N 2 washout method.
The animals were not trained but wild, and they selected the length and depth of dive. The seals were diving under sea ice and in order to breathe they had to come to an ice hole which was plugged except for a respiratory valve. The inspiratory and diving lung volumes, alveolar oxygen tension (PAO 2 ) °f tnfi l a s t breath before dives, and the PAO 3 °f t n e n r s t breath after dives were determined.
The mean diving lung volume of three seals ranging in body weight from 370-440 kg was 11.6 liters. The P A o 2 before diving was 124 mm Hg, and after an average dive of 11.6 min (R = 8-17 min) it was 70 mm Hg. Based on behavior, these dives were believed to be deep, at least in excess of 100 m. Before resting apneas of 4.5 min, P A02 equaled 89 mm Hg, and after the apnea it was 59 mm Hg. The resting apneas are on inspiration. The largest inspiratory lung volume observed was 21 liters in a 430 kg seal. If we assume about a 20 liter lung volume during resting apneas, the rate of uptake in the resting dives would have to be about three times greater than during the deep dives to achieve the observed end of breath-hold gas concentrations. It is uncertain whether this difference is due to a difference in metabolism because of the different circumstances, or because gas exchange was inefficient during the dives. It seems reasonable that the latter possibility played some part, and experiments to be described support this conclusion.
On several occasions different seals were individually compressed in a hydraulic chamber to a depth equivalent ranging from 30-270 m (4-28 ATA). At intervals during the compression period arterial and central venous blood N 2 tensions were measured . In all, the No tensions remained low; the highest tension measured was 5.5 ATA. This sample was drawn from a harbor seal shortly after compression to 14.6 ATA. Later samples had a tension of less than 3 ATA. The least affected by the compressions were elephant seals in which arterial tensions were always less than 3 ATA even to compressions of 14.6 ATA (Fig. 4) . Such persistently low tensions, especially in the early stages of compression, indicate that little of the lung gas was absorbed.
A study of lung mechanical properties of the sea lion, Zalophus californianus, further indicates the plausibility of compression collapse of the alveoli during dives to depth (Denison et al., 1971) . This study, a comparison of the isolated lungs of dogs and sea lions, showed a number of differences. The relaxation volume (pleural pressure = 0) of the sea lion was 33% less than the dog's. When the pleural pressure was increased, the dog lungs emptied only another 1 % of TLC, and at pressures above -(-5 cm H.,0 no further emptying occurred. This trapping of gas in the lung has been shown to be due to closure of peripheral, non-cartilaginous airways (Hughes et al., 1970) . In contrast, sea lion lungs continued to empty at the highest pressure (-j-30 cm H 2 O) to which they were exposed. At this pressure the gas in the lungs was 6% of TLC. At their relaxation volume the lungs of both sea lions and dogs were subjected to simulated dives by recompressing them from 112 mm Hg to atmospheric pressure. Rapidly frozen sections of the lung showed that the alveoli of dog lungs had shrunk about the amount expected for the compression if most of the gas were trapped in them. The sea lion lungs behaved differently: they had emptied almost completely (Fig. 5) .
There is evidence that the lungs of whales can empty as completely as those of sea lions. The end-expiratory lung volume of a resting pilot whale, Globicephala melaena, was sometimes as low as 4.6% of TLC (Olsen et al., 1969) . Also, the isolated lungs of fin whales, Balacnoplera physalus, and sei whales, B. borealis, appear to collapse to their dead space volume (Scholander, 1940; Leith et al., 1972 ). An explanation for the differences in mechanical properties of dog, sea lion, and whale lungs can be found in the variations in airway architecture. This topic will be discussed after a brief summary.
In view of the blood flow distribution during a dive to depth, the volume of N 2 in the lungs is sufficient, if absorbed, to raise blood tissue N 2 tensions appreciably. Evidence from the analysis of the expirate of freely diving animals and from blood samples of animals submerged and compressed in a compression chamber indicate that little gas exchange takes place at depth. Based on mechanical properties of the lung, the reasons for poor gas exchange are probably due to expulsion of most alveolar gas into the upper airways during compression.
STRUCTURE OF TERMINAL AIRWAYS
There are a number of aspects of the respiratory system of marine mammals that are quite different from those of terrestrial mammals. One of the most remarkable divergencies is in the structure of the small airways as compared with those of freshwater aquatic mammals and terrestrial mammals. The only known exceptions are those in which fresh-water forms are closely related to marine species, i.e., fresh water dolphins. In their case the airway structure is the same as in the marine form. The latter were at their relaxation volume at the start of recompression. (From Denison et al., 1971.) much similarity among them in regard to airway structure. The following remarks on pinnipeds are based on a report by Denison and Kooyman (1973) . Seals (Phocidae) have the least-modified airway structure, a diagrammatic representation of which is presented in Figure 6B . A non-cartilaginous segment of bronchiole is present which merges into a respiratory bronchiole and finally into an alveolar duct. However, cartilage extends far out into the respiratory tree, and the cartilage-free portions seem to have an uncommonly large amount of smooth muscle.
There seems to be a reduction or loss of these portions of the airway in other marine mammals. Intermediate between seals and the most extreme forms, the otariids and whales, are the walrus, Odobenus rosmarus, and sea otter. In these two species there are some parts of the terminal airways which, like those in seals, are without cartilage, and in other portions the airways with cartilage empty directly into alveolar sacs (Fig. 6C, D) . Noteworthy is that the closely related river otter (Lutra) shows none of these modifications and its airway system is typical of other terrestrial mammals.
Sea lions have the most divergent airway structures of the pinnipeds. There are only cartilaginous supported airways, which empty into alveolar sacs. Respiratory bronchioles and alveolar ducts have been lost (Fig. 6£) . This is quite similar to the situation in whales, although in the larger whales (Mysticeti) such a term as alveolar sac may not apply. Instead, the respiratory unit appears to be an exceptionally large, complex interconnecting system of alveoli. Another peculiarity of some whales are the series of sphincter muscles in the last few generations of airway. Their development is most extreme in the family A, Man. The diagram of the terminal airways of the human is based on the dimensions at threefourths inflation (Weibel, 1963, p. 151) . Respiratory bronchioles (R.B.) begin about generation 17 (G-17) and extend through G-19. The overall length from G-16 to G-23 is about 4 mm. T.B. is terminal bronchiole, A.D. is alveolar duct. Dimensions of marine mammals were estimated from well inflated portions of the lung, but the degree of inflation in many cases was unknown. B, Seals. Final airways are muscular tubes, and the length of airway beyond cartilaginous reinforcement was 1-3 mm. C, Sea otter. Some cartilaginous airways empty directly into alveolar sacs while others branch into non-supported airways which extend up to 1 mm before ending in clusters of alveoli. D, Walrus. The nature of airways of this species is similar to the sea otter. E, Sea lions and fur seals.
The terminal airways arc all reinforced with cartilage. F, Dolphins. Only reinforced airways exist. Unique to most of the toothed whales is the series of sphincter muscles found in the terminal segments, of which a few are depicted. (B, C, D, and E are modified from Denison and Kooyman, 1973.) Delphinidae (Fig. 6F) . The function is unknown and to my knowledge no similar structures exist in any other order of mammals. From this rather brief survey it can be seen that the prerequisite strengthening of airways to insure their patency until compression collapse of alveoli occurs exists in all marine mammals. Some might consider the seals an exception because they have apparently the weakest terminal airways of all. However, the oblique smooth muscle in the segments that lack cartilage may provide active support (Denison et al., 1971) rather than the passive support that the cartilage provides. Also, it has been pointed out (Denison and Kooyman, 1973 ) that the necessary strengthening does not need to be great and that just the simple addition of more structure may afford the aii-ways the rigidity necessary to remain open. The low blood N 2 tensions in seals during dives to depth indicate that this is so. Such results in seals suggest that perhaps the airway reinforcement of other groups is much greater than necessary simply to act as a passageway and receptacle for gas being forced out of alveoli during compression (Denison et al., 1971 ). The following discussion will consider what other function such airways may have.
VENTILATION
Before discussing ventilatory capacity and flow rates in the lung, it is worth describing briefly the breathing behavior of marine mammals. They can be separated into the "slow" breathers and the "fast" breathers. There is a large variation and overlap in ventilatory behavior in the two types, but in general, seals are slow breathers and sea lions and whales are fast breathers. Slow breathers remain at the surface after a dive and ventilate a number of times to replenish O 2 stores and to elimininate CO 2 . The fast breathers usually surface on the move and take a single breath each time that they pass rapidly through the interface.
Some of the earliest studies of ventilation in marine mammals are those of Irving and Scholander on seals, dolphins, and the manatee, Trichechus manatus. Conventional methods of determining maximum breathing capacity are not applicable to marine mammals, but after prolonged breath-holds they probably ventilate, during the first moments of recovery, at their highest rate. Measurements during this time should give us some idea of their ventilatory capacity. The resting rate of expired gas (V E ) in young grey and bladdernose seals, Crystophora cristata, was 150 ml/kg-min (Table 2) (Scholander, 1940) . In the grey seal, after the dives of 9-18 min duration the average V E was 512 ml/kg-min and the maximum was 630 ml/kg-min. In the bladdernose seal, after dives of 6-13 min the average V E was 494 ml/kg-min and the maximum was 540 ml/kg-min. Observations on other marine mammals showed a range in resting V E from 130 ml/kg-min in the harbor seal to 22 ml/kg-min in the manatee (Scholander and Irving, 1941) .
All of the above mentioned determinations were done on animals strapped to boards. Recently such measurements have been made on Weddell seals in the Antarctic (Kooyman et al., 1971) . The seals were voluntarily diving under sea ice as de- (Fig. 7) . After dives longer than 15 min, V T and V K did not increase further.
Resting respiration rates were about 4/ min, although at this time breathing is arrhythmic and there are intermittent apneic periods of 4 to 5 min followed by a series of rapid breaths and then another apneusis. The average V T at rest was 8 liters (Table 3) . After dives of 15-70 min, the respiration rate during the first 2 min of recovery was 15/min and V T was 12 liters. The resting V K was 32 liters/min (73 ml/ kg-min) which rose to an average 175 liters/min (400 ml/kg-min) after dives. The maximum was 224 liters/min (515 ml/kgmin).
This level of increase in V E is about six times that of resting V R . Although Scholander and Irving (1941) gave no values, they pointed out that porpoises as well as seals cannot increase V B much over rest-449 kg. Volumes are BTPS. (Modified from Kooyman et al., 1971.) ing. In their case V T at rest is nearly 90% of TLC, and the only way they can increase V E is to raise the respiratory frequency. When this occurs, V T falls. In man V E may rise to 20 times the resting value due to an increase in respiration rate of 4.5 times and to a large change in V T of about 4.5 times. Seals and porpoises cannot approach this change in V T because their resting V T is so large.
It was mentioned earlier that the peculiar airway architecture might play some special role in ventilation. Apparently the modifications of the airways have not resulted in improvement of breathing capacity over a sustained period. Another possibility is that this structure makes possible the achievement of high expiratory peak flows at low lung volumes. Surprisingly the only such measurements for marine mammals are on some of the largest, the grey, fin, and sei whales.
The grey whale, Eschrichtus robustus, was a calf held in captivity at Sea World in San Diego. The measurements were obtained usually while the animal was grounded in its tank. The peak flows measured were about 1 TLC/sec (Wahrenbrock, personal communication).
The fin and sei whale data were obtained from isolated lungs dissected from carcasses 17 to 29 hr after death (Leith et al., 1972) . The massiveness of the material used in this study must make it one of the heroic efforts in pulmonary physiology. Some of the lungs weighed over 200 kg, and in order to be useful they had to be obtained free of punctures and tears. The expiratory peak flows determined were about 2 TLC/ sec, values which are not especially great. Man can achieve a peak flow of about 1.5 TLC/sec. It was also pointed out that the bony nares of whales are one-third smaller in cross section than the trachea so that the nares rather than the lungs set limits on expiratory velocities.
Most important, however, is that a peak flow of 1 TLC/sec can be maintained to lung volumes as low as 15% of TLC (Leith, Lowe & Gillespie, unpublished observations) . Denison et al. (1971) suggested a similar characteristic of sea lion lungs. In contrast, the expiratory peak flow of man is achieved at 80% of TLC and falls rapidly to no flow at 20% of TLC. The limitation at the low lung volumes is due to compression of and reduction in the diameter of peripheral airways so that flow rate becomes independent of effort (Hyatt et al., 1958) .
In summary, the ability to increase ventilation seems poor in marine mammals compared with terrestrial mammals. Expiratory peak flow rates at large volumes are not exceptional, but the high flow rates at low lung volumes, as described by the data on lung isolates of fin and sei whales, are remarkable. This ability for high flow rates at low lung volumes may be due to the strengthened peripheral airways. Thus, emptying of most of the lung volume proceeds at an unusually high rate which would be consistent with the brief time spent at the surface.
CONCLUSION'S
From this patchwork of data on the respiratory system of marine mammals, a few conclusions, more like educated guesses, can be drawn. As a hydrostatic organ, the lung offers, along with the blubber, the buoyancy and stability necessary for an air breathing animal to rest while in water. Exemplary of the importance of the lungs' role in buoyancy is the sea otter, which has little or no blubber, supports stones on its abdomen for crushing molluscs, and has proportionately the largest lung reported for a mammal.
The lung may also be an important O 2 store for some groups, but concomitant with this store is N 2 which could have adverse effects during deep dives. Based upon the proportion of lung O 2 to total body O 2 store, the lung store is not important to prolonged divers. Thus, a deep dive in which the lung gases are sequestered in the upper airways makes little difference to them. What about the short term divers, sea lions and dolphins, in which lung O 2 is a significant portion of total body O 2 stores? If during dives to depth the lung gas is compressed into the upper airways, a major O 2 source is denied the animal and the dives must be shortened. In sea lions, the nature of the peripheral airways makes it difficult to accept any other possibility, but in dolphins this is not so. The muscular sphincters of the peripheral airway could close and trap gas in the alveoli. If so, the O 2 store is available during the dive, but so is N 2 . Prevention of gas being forced into the upper airways means also that the trachea, middle ear, and airways must undergo a greater degree of compression. Also, there would be less gas available to maintain the configuration of the phonating organs whether they are the larynx or sinuses. Crucial to the resolution of these problems is the determination of the degree of gas exchange that oc-curs in the lung at depth.
It is likely that airway reinforcement has multiple functions. In addition to its possible role in compression collapse, the armoring makes possible unusually high flows through the airways at low lung volumes. Are these the only possibilities for such unusual airway morphology? The convergence in structure among so many diverse types of mammals suggests a fascinating study to determine which environmental factors played the predominant role in their evolution.
